Reg I (regenerating gene product I) is a growth factor that plays a central role in the generation and regeneration of the gastric mucosal architecture. On the other hand, mouse Reg I mRNA is expressed at the highest levels in the small intestine among the gastrointestinal tissues. In the current study, with the aim to clarify the role of Reg I protein in the small intestine, the temporal and spatial pattern of Reg I expression and the phenotype of Reg I-knockout mice in the tissue were examined. In the wild-type mice, immunohistochemistry localized Reg I protein expression in absorptive cells located in the lower half of the intestinal villi. Reg I expression was undetectable until embryonic day 13 (E13), when the fetal intestine still lacks villous structure; however, it dramatically increased at E17 along with the formation and maturation of the fetal intestinal villi. In the small intestine of the adult Reg I-knockout mice, less densely packed, round-shaped aberrant morphology of the absorptive cells was observed light microscopically, and electron microscopical examination revealed a strikingly loose connection of these cells to the basement membrane. Antiproliferating cell nuclear antigen staining and anti-Ki67 staining demonstrated the marked decrease in the number of proliferating cells in the small intestinal mucosa of the knockout mice. The cell migration speed visualized by one shot labeling of 5-bromodeoxyuridine was significantly slower in the knockout mice. These phenotypes of Reg I-knockout mice emerged, in accordance with the temporal pattern of Reg I expression described above, from E17. Reg I was considered to be a regulator of cell growth that is required to generate and maintain the villous structure of the small intestine.
Introduction
In the field of gastrointestinal regenerative medicine, development of small intestinal tissue engineering technique is one of the greatest concerns because humans cannot survive total resection of the small intestine, which is in contrast to the case of resection of other regions of the gastrointestinal tract. The ultimate goal is to provide an in vitro system to propagate an embryonic stem cell line, which was derived by nuclear transfer from the somatic cells of the patient into a mature fully functional small intestine. It is a crucial step toward this goal to precisely understand both the molecular mechanism of small intestinal embryonic development and the mechanism underlying the maintenance of the small intestinal mucosal architecture in adulthood. In the early stages of mammalian development, the small intestine is a simple tube lined by a flat layer of epithelium (Sbarbati, 1982; Stappenbeck et al., 1998) . In later developmental stages (around embryonic day 15 (E15) in the mouse), the epithelium begins to form minute finger-like projections called intestinal villi, which increase the intestinal absorptive surface (Sbarbati, 1982; Stappenbeck et al., 1998) . In other words, a growth axis, along which epithelial cells divide and migrate, is newly organized perpendicular to the intestinal luminal surface. Later, in the neonatal period, tubular invaginations called crypts develop at the base of the villi. From this period, the growth axis is called the crypt-villus axis, and is maintained into adulthood to be involved in the epithelial renewal process (Sbarbati, 1982; Stappenbeck et al., 1998) . This growth axis should be the 'core machinery' for generation, regeneration and maintenance of the functional well-organized intestinal mucosal architecture. Recently, intracellular signaling molecules that govern cell growth and differentiation along this axis were increasingly described (Stappenbeck et al., 1998; Brittan and Wright, 2004; Walters, 2005) . However, little data are available describing the extracellular signaling molecules, namely growth factors, which may serve as powerful tools for in vitro tissue engineering.
Reg I is a lectin-related secretary protein originally isolated as an endogenous growth factor in the pancreas (Terazono et al., 1988; Watanabe et al., 1994; Zenilman et al., 1996) . In addition to the role of Reg I in the pancreas, we have demonstrated that Reg I functions as a growth factor in gastric cells and is involved in gastric mucosal regeneration (Asahara et al., 1996; Fukui et al., 1998; Kazumori et al., 2000) . Recently, we generated Reg I-transgenic mice, which showed that Reg I is a key regulatory molecule for the maintenance of the growth axis of the gastric glands (Miyaoka et al., 2004) . Gastric glands are tubular structures that are aligned perpendicular to the gastric lumen, which harbors stem cells in a shallow area relatively close to the lumen. The stem cells migrate either upward toward the lumen, forming the surface mucous cells, or downward toward the bottom, forming mainly parietal cells and chief cells, the major functional population of the gastric gland. In the gastric mucosa of the Reg I-transgenic mice, there was an apparent preferential expansion of the chief cells and parietal cell linage and elongation of the lower portion of the gastric glands, suggesting that Reg I might be a regulator for downward migration and differentiation along the growth axis (Miyaoka et al., 2004) . This was in contrast to other growth factors, which had been shown to drive differentiation toward surface mucous cells in transgenic mouse models (Dempsey et al., 1992; Takagi et al., 1992; Sharp et al., 1995) .
In wild-type mice, Reg I mRNA is expressed in the gastrointestinal tract at the highest levels in the small intestine , suggesting a critical role in this tissue. In the current study to clarify the role of the Reg I protein, the spatial and temporal expression pattern of Reg I in the normal mouse small intestine was determined. Moreover, Reg I-knockout mice were examined morphologically to show that Reg I is involved in the generation and maintenance of the crypt-villus growth axis of the small intestinal mucosa.
Results
Small intestinal cell types that express Reg I Reg I expression in the gastrointestinal tract of wildtype adult mice was confirmed by Northern hybridization. Reg I mRNA was expressed in the gastrointestinal tract at the highest levels in the small intestine (Figure 1a ), in agreement with the previous report . Next, the location of Reg Iexpressing cells in the small intestine was investigated. In wild-type adult mice, immunohistochemistry detected epithelial cells in the lower half of the intestinal villi expressing Reg I (Figure 1b) . Reg I-positive cells were not found in the upper regions of the villi and in the crypt (Figure 1b) .
Morphological changes in the small intestine of adult Reg I-knockout mice To investigate the morphological changes in Reg Iknockout mice, small intestinal tissue of Reg þ / þ and Reg À/À littermates (10-11 weeks old) was obtained and examined histologically.
Hematoxylin and eosin (HE) staining of the small intestine showed no significant difference in the length of small intestinal villi between Reg þ / þ and Reg À/À mice ( Figure 2a) . However, the morphological characteristics of the villus epithelium between these mice were different. In the lower third of the villi, the height of the epithelial cells was lower and the cell shape was more cuboidal and rounder in Reg À/À mice than in Reg
littermates ( Figure 2a) . The epithelial cells of the knockout mice looked less densely packed along the growth axis, compared to those of the wild-type mice (Figure 2a ). When the finer morphological Reg I-knockout mice and small intestinal cell growth T Ose et al characteristics of Reg À/À intestinal epithelium were assessed by transmission electron microscopy, the adhesion of Reg À/À mice epithelium was shown to be significantly weaker between the epithelial cells and the basement membrane with the presence of increased spaces or gaps between these structures (Figure 2b , upper panels). This was prominent almost all along the intercellular cleft, except in the apical-most portion of the cleft, where the intercellular connection seemed to be conserved also in the knockout mice. In the magnified pictures, we could À/À mice, the height of the villous epithelial cell was lower and the intercellular spaces were wider than in Reg
mice. The attachment of the villous epithelial cells to the basement membrane appears weak in Reg À/À mice, although the apical most adherent apparatuses (tight junction (black arrow) and zonula adherents (white arrow)) were intact.
Reg I-knockout mice and small intestinal cell growth T Ose et al identify the intact tight junction and zonula adherents, which constitute the most apical components of the intercellular junctions, both in the wild and knockout mice (Figure 2b , lower panels). Therefore, it might be that there are some dysfunctions of the other basolateral components of intercellular junctions, such as desmosome or hemidesmosome, in the Reg I-knockout mice.
Despite the phenotype observed in Reg À/À villus absorptive epithelial cells, there was no change in the morphology and numbers of endocrine cells and goblet cells in the villi in Reg À/À mice (data not shown).
States of proliferation, migration and elimination of the small intestinal cells of adult Reg I-knockout mice In the adult small intestinal mucosa, the stem cells are located near the base of the crypt (Stappenbeck et al., 1998; Brittan and Wright, 2004) . The stem cells rapidly divide and migrate upward along the crypt-villus axis to differentiate mainly into absorptive cells, the major constituent of the epithelial cells of the villus, and also give rise to endocrine cells and goblet cells, which comprise the minor cell population (Stappenbeck et al., 1998; Brittan and Wright, 2004) . Additionally, stem cells move slowly toward the base of the crypt, yielding a small number of paneth cells that line the bottom of the crypt (Stappenbeck et al., 1998; Brittan and Wright, 2004 ).
First, we investigated possible changes in stem cell markers in the small intestinal crypts by immunohistochemical staining of musashi-1. Musashi-1-positive intestinal crypt cells are cells that have many characteristics of stem cells (Kayahara et al., 2003; Potten et al., 2003) . The musashi-1 immunohistochemistry, however, did not show any differences in the number of musashi-1-positive cells in Reg þ / þ and in Reg À/À mice (data not shown). Next, proliferating cells in the small intestine were stained by immunohistochemistry of Ki-67 and proliferating cell nuclear antigen (PCNA). Proliferating cells were found in the crypt epithelium just above the stem cell region and their number was smaller in Reg (Figure 3a and b). When Ki-67-or PCNA-positive proliferating cells were counted in Reg þ / þ and Reg À/À mice respectively, the number of proliferating cells in Reg À/À mice was found to be statistically significantly decreased and was only two-thirds of that of the Reg þ / þ littermates (Figure 3a and b). Next, the number of apoptotic cells was examined by the terminal deoxytransferase uridine triphosphate nick-end labeling method. There was no difference in apoptotic cell numbers in the presence or absence of Reg I (data not shown). Finally, with evidence that Reg I affects the number of small intestinal proliferating cells, the impact of Reg I on cell migration speed was next assessed on intestinal cells mice, the migration of generated intestinal epithelial cells to the villus tip was slow.
Expression of Reg I protein during fetal development of the small intestine During the fetal development of the mouse small intestine, intestinal villi begin to form around E15 (Sbarbati, 1982; Stappenbeck et al., 1998) . When we investigated the fetal small intestine at E13, the crosssectional view of the intestine showed the presence of one or two layers of simple cylindrical epithelial tubes as shown in Figure 5a . At E17, the ingrowth of epithelial cells into the lumen became evident and the primitive villi were observed not only in Reg þ / þ mice, but also in Reg À/À mice ( Figure 5a ). In Reg À/À mice, no immunohistochemical staining of Reg I protein can be found in intestinal epithelial cells at E13 as well as at E17 (Figure 5a ). Strong staining of Reg I protein was evident in the intestinal epithelial cells of Reg þ / þ mice at E17, whereas no Reg I staining was found at E13 (Figure 5a ). The timing and the sites of Reg I expression coincide with the active formation of fetal intestinal villi. We further confirmed this temporal expression pattern of Reg I at the mRNA level by reverse transcriptionpolymerase chain reaction (RT-PCR), which failed to detect transcripts in the E13 small intestine. In contrast, discrete bands from E17 and adult small intestinal tissues were revealed by RT-PCR (Figure 5b ).
The temporal pattern of cell proliferation of small intestinal epithelial cells of Reg I-knockout mice At E13, the shapes of the fetal small intestine of Reg
and Reg À/À mice were identical, with each containing shapes of one or two layered simple cylinders (Figure 6a ). The numbers of proliferating cells detected as positively stained cells by immunohistochemical staining of Ki-67 were also identical in Reg þ / þ and in Reg À/À embryos (Figure 6a ). At E17, when the primitive intestinal villi have formed, the number of Ki-67-positive proliferating cells was significantly higher in Reg þ / þ mice than in the Reg À/À littermate embryos (Figure 6a) . Furthermore, the different number of proliferating epithelial cells in Reg þ / þ and in Reg À/À mice persisted after birth ( Figure 6b) .
Discussion
In the current study, we have demonstrated for the first time the growth-promoting activity of Reg I in the small Reg I-knockout mice and small intestinal cell growth T Ose et al intestine. Just above the stem cell region of the crypt, there was a significant decrease in staining intensity for proliferation markers in adult Reg I-knockout mice (Figure 3a and b) . These data suggest that Reg I interacts with the stem cells to stimulate their growth in vivo. On the other hand, it is generally believed that the intestinal stem cells, through the process of replication and cell division, force out their daughter cells toward the crypt-villous axis, producing the appearance of cell migration. If a growth factor, such as Reg I, promotes the proliferation of intestinal stem cells, there must be a difference in cell migration speed as well as in the rate of replication between the gene-knockout and wild-type mice. Consistent with this idea, the BrdU assay showed that the intestinal cells of the Reg I-knockout mice migrate significantly slower compared to that of the wild-type littermates (Figure 4) . Furthermore, presumably as a result of the weaker cell migration force, the absorptive cells of the knockout mice are less densely packed along the growth axis, compared to those of the wild-type mice (Figure 2a) . The data concerning migration speed provide additional evidence for the growth-promoting function of Reg I in the small intestine. In contradiction to the data supporting the growth-promoting function of Reg I, there was no difference in the height of the villi between the Reg I wild-type and knockout mice (Figure 2a ). However, this result implies that there may be a factor that defines the length of the villi that is distinct from the stem cell replication rate. If this hypothesis is true, this is important as identification of such a factor will reveal a new mechanism underlying the maintenance of the well-organized intestinal mucosal architecture. We hypothesize that the factor is a concentration gradient along the crypt-villus axis formed by some secreted morphogen. This morphogen should have an activity to suppress the apoptosis of intestinal cells and should form a decreasing concentration gradient from the crypts to the villus tip. As intestinal cells migrate up toward the lumen, the concentration decreases and finally reaches the threshold to evoke apoptosis, thus determining the length of the villi. Although there is currently no supporting evidence for this idea, the model clearly resolves the contradiction, and the Reg Iknockout mice would provide a valuable clue in the future search for this morphogen.
As the growth-promoting activity of Reg I was thus demonstrated in the small intestine, there should exist a In Reg þ / þ embryos, Reg I staining was not detected until E13, during which the fetal intestine has no villous structure. However, Reg I staining increased at E17, with the formation of the fetal intestinal villi. Reg I-positive cells were lacking in Reg À/À embryonic intestine not only at E13, but also at E17. (b) RT-PCR of Reg I transcripts in embryonic small intestine of Reg þ / þ mice. Reg I signal was undetectable in E13 small intestine, but was apparent in E17 and adult small intestinal samples.
Reg I-knockout mice and small intestinal cell growth T Ose et al
Reg I-signaling pathway in the small intestinal stem cells. On the other hand, it is generally accepted that the components of the growth signal-transduction pathway in the colonic stem cells seem to resemble those used in the small intestinal cells (Brittan and Wright, 2004) . Taken together, it is likely that also the colonic stem cells are endowed with Reg-responsive signaling pathway. We could not observe any apparent changes in the colonic tissue of our knockout mice (data not shown), presumably because of the low endogenous expression of Reg I in the wild-type tissue (see Figure 1a) . However, Reg IV, another member of Reg family, was shown to Reg I-knockout mice and small intestinal cell growth T Ose et al be highly expressed in the colon (Hartupee et al., 2001) suggesting that it activates the Reg-signaling pathway in the tissue. In general, malignant transformation results from aberrations in growth factor signal-transduction pathways that normally operate to control cell proliferation. A component of the pathway, either extracellular (Doolittle et al., 1983) or intracellular (Yamamoto et al., 1983; Downward et al., 1984) , undergoes a qualitative or quantitative change, leading to constitutive activation of the growth signal and making the cell refractory to external control. In the case of Reg-signaling system in the colonic cells, quantitative change of extracellular component, that is, aberrant overexpression of Reg I, is reported to be important in the colon cancer development (Macadam et al., 2000) . In the future study, oncogenic mutation of intracellular Reg-signaling pathway in the colonic stem cells would be explored. Both the cell growth rate and the cell migration speed in the small intestine of the Reg I-knockout mice thus decreased significantly, however, not completely (Figures 3a, b and 4) . The residual growth activity observed in the Reg I-knockout mice could be mediated by another family of growth-promoting factors. One such candidate family is the Wnt family (Pinto et al., 2003; Kuhnert et al., 2004; Walters, 2005) . To date, the only information available on secreted factors that enhance proliferation of intestinal cells pertains to the Wnts (Pinto et al., 2003; Kuhnert et al., 2004; Walters, 2005) . Therefore, our identification of Reg as an additional class of growth stimulators is of considerable importance. Wnt ligands activate the cytoplasmic phosphoprotein disheveled through its frizzled receptor, which causes inhibition of glycogen synthase kinase3b, resulting in the accumulation of cytosolic b-catenin. Then, nuclear translocation of b-catenin results in its interaction with members of the T-cell factor/lymphoidenhancing factor family of transcription factors, subsequently directing the upregulation of genes that increase cellular proliferation (Walters, 2005) . In contrast to the Wnt pathway, Reg I seems to activate a classical growth signaling pathway, which involves activation of tyrosine kinases and converges on extracellular signal-regulated protein kinase1/2 (Kadowaki et al., 2002) . Thus, Reg and Wnt may exert their growth-promoting effects on intestinal cells via different mechanisms. It is interesting to clarify whether these two have mutually distinct roles and whether there is crosstalk between the two signaling pathways.
In addition to the growth-promoting activity, the knockout mice also revealed some roles of Reg I in maintaining intestinal cell morphology. From light microscopic observations, somewhat immature, roundshaped aberrant morphology of the absorptive cells was seen in Reg I-knockout mice (Figure 2a) . The electron microscopic examination of tissues from Reg I-knockout mice revealed apparently loose attachment of the absorptive cells to the basal lamina (Figure 2b ). It is unclear how Reg I signaling affects cell morphology. Generally, a tyrosine kinase signaling pathway does not simply converge on growth-promoting signaling components, but rather diverges to exert various effects in a cell. In the future, the precise delineation of the Reg-signaling pathway in intestinal cells would clarify this issue. This is also the first report that provides the location of expression for the Reg I in the small intestine. We found that Reg I is expressed by the absorptive cell linage in adult wild-type mice (Figure 1b) . This was in contrast to the case of Wnt, which is believed to be expressed by mesenchymal cells around the bottom of the crypt (Lickert et al., 2001; Brittan and Wright, 2004; van Es et al., 2005) again suggesting a different mode of action between the two molecules, Wnt and Reg. Moreover, Reg I expression was restricted to a subpopulation of absorptive cells located in the lower half of the villi (Figure 1b) . This is interesting because it means that one absorptive cell, migrating along the crypt-villus axis, acquires Reg I expression at the cryptvillous boundary, and loses it at the center of the villi. In other words, there is a zone of Reg I expression at the middle of the migratory path for the absorptive cell linage. The mechanism for the establishment of the zone requires clarification, but it appears to constitute an important part of the regulatory machinery for maintenance of the crypt-villus axis. Recently, a paper described the involvement of a secreted protein, Ephrin-B1/2, in maintenance of the adult intestinal villus architecture (Batlle et al., 2002) . Disruption of the gene for the Ephrin-B1/2 receptor resulted in aberrant positioning and intermingling of cell populations in the villi although there was no change in the cell growth rate, contrasting with the cases of Reg and Wnt. Intriguingly, the spatial expression pattern of Ephrin-B1/2 was precisely identical to that of Reg I. The appearance of the figure showing the immunohistochemistry of Ephrin-B1/2 (Batlle et al., 2002) is totally similar to that of Figure 1b of our report. The shared expression pattern suggests a common mechanism that governs the expression of the Reg I and Ephrin-B1/2 in the adult mouse intestine. From the view point of Reg I activity, functional relevance of the expression pattern is unclear. As the absorptive cells, which are daughters of the stem cells, express Reg I to influence the growth of their progenitors, there may exist some type of feedback loop of growth signal between the two classes of cells.
Most importantly, this work determined the temporal expression pattern of Reg I during embryogenesis. Reg I expression began around E15, coinciding with the formation of the villous structure ( Figure 5 ). To our knowledge, this is the first growth factor that was shown to emerge at this embryonic stage (Lickert et al., 2001) . Furthermore, utilizing the knockout mice, we also demonstrated that Reg I function, as well as Reg I expression, is engaged at this embryonic stage (Figure 6 ). The temporal coincidence of Reg I expression and Reg I function reinforces the relevance of our experimental system and implies some fundamental role of Reg I during the morphogenesis of the villi. At the embryonic stages before villous morphogenesis, the intestinal epithelial cells are proliferating intensively along the longitudinal intestinal axis to extend the length of the intestine (corresponding to the upper-left panel of Figure 6a in our system). When the embryo reaches the stage of villous morphogenesis, the epithelial cells cease growth along the older axis and begin to replicate along the new axis, perpendicular to the intestinal lumen (corresponding to the lower-left panels of Figure 6a ): the 901 rotation of the growth axis takes place at this stage. There is no doubt that the mechanism underlying this growth axis rotation is of profound importance, although nothing is known about its molecular nature. We speculate that Reg I might be one of the regulatory molecules that govern this phenomenon.
Materials and methods

Animals
All mice studies were approved by the Shimane University ethics committee for animal experimentation. Generation of the Reg I-knockout mice is described in our previous report (Unno et al., 2002) . Reg I-knockout mice (Reg À/À ) were bred with ICR wild-type mice (Nihon Clea, Tokyo, Japan), generating Reg þ /À mice. Then, these heterozygous mice were crossed to generate both Reg À/À and Reg þ / þ littermates. All mice were housed in standard cages under 12-h cycles of light and dark, and had ad libitum access to normal mouse chow and water.
Genotyping PCR analysis of mouse genomic DNA extracted from tail or fetal head tissue was conducted for genotype determination. Genomic DNA was extracted with the QIAamp DNA Mini Kit (Qiagen Inc., Tokyo, Japan) according to the manufacturer's instructions. The isolated DNA was subjected to PCR with primers sense 5 0 -AGA CAA ACC AGG CAT TCA GGC TCC GGC TCC AAA CTC-3 0 and antisense 5 0 -TAC CAG TTG GCT CAT CTT CTA GCC TTG TCC-3 0 for wild-type allele, and sense 5 0 -CTG ACC GCT TCC TCG TGC TTT ACG GTA TC-3 0 and antisense 5 0 -AGA CAA ACC AGG CAT TCA GGC TCC AAA CTC-3 0 for Reg I-knockout allele. The PCR consisted of denaturation at 951C for 10 min, followed by 45 cycles of 941C for 30 s, 551C for 30 s and 721C for 7 min and then a final extension of 721C for 10 min. Each PCR product was separated by electrophoresis on a 1% agarose gel, and visualized by ethidium bromide staining.
Antibodies
Mouse monoclonal immunoglobulin (Ig)G2a anti-mouse PCNA antibody was purchased from Santa Cruz Biochemistry (Santa Cruz, USA). The monoclonal mouse IgG2a antibody raised against rat Reg I, which was confirmed to cross-react to the mouse Reg I protein (Terazono et al., 1990) , was employed for immunohistochemistry. Monoclonal IgG biotinylated antimouse Musashi-1 antibody (Kaneko et al., 2000) was kindly provided by Dr H Okano (Department of Physiology, Keio University School of Medicine, Tokyo, Japan). Monoclonal IgG1 anti-BrdU antibody and polyclonal anti-mouse Ki-67 antibody were purchased from DAKO (Glostrup, Denmark).
Immunohistochemistry
The mice (aged 3-12 weeks) were killed by an overdose of diethyl ether anesthesia. The small intestine was excised and the proximal jejunum (defined as one-third of the small intestine) was immersion-fixed in 10% formaldehyde for 48 h, embedded in paraffin and cut into 6 mm sections. Sections were stained with HE to visualize general morphology. For immunohistochemistry, sections were deparaffinized and incubated in 0.3% hydrogen peroxide in methanol for 30 min at room temperature to block endogenous peroxidase activity. Then, the slides were incubated in citric acid buffer at pH 6.0 in the autoclave at 1211C for 15 min, and then cooled for 30 min at room temperature. After incubation in normal blocking serum for 30 min, sections were incubated with primary antibody at 41C overnight. After washing in phosphate-buffered saline supplemented with Triton X-100 (PBST) for 3 Â 5 min, the sections were incubated with secondary antibody at room temperature for 30 min. To detect the bound antibodies, the avidin-biotin peroxidase method ('Elite' ABC Vectastain kit, Vector Labs, Peterborough, UK) was employed for Ki-67 (1:25) staining. The DAKO En Vision kit/HRP (AEC) (Denmark) was employed for Reg (1:50) and PCNA (1:500) staining. The sections were washed, saturated with 3,3 0 -diaminobenzidine tetra hydrochloride or AEC for 3 min, and then counterstained with hematoxylin.
Cell migration Some Reg
À/À and Reg þ / þ littermates were injected intraperitoneally 48 h before the killing with 50 mg/kg body weight of BrdU (Roche Diagnostic Corporation, Basel Switzerland). Mice were killed and the proximal jejunum was fixed with 10% formalin, paraffin embedded and sectioned at 6 mm. After deparaffinization and blockage of endogenous peroxidase activity, the sections were permeabilized with 0.05% trypsin (Nacalai tesque, Kyoto, Japan) in 0.1% calcium chloride for 5 min at 371C. After washing in distilled water (DW) twice, the sections were permeabilized with 2 N HCl for 30 min at room temperature. Slides were washed in DW and then neutralized with 0.2 M boric acid and 0.05 M sodium borate for 3 min at room temperature. After washing in PBST, the sections were incubated with primary antibody (anti-BrdU; 1:50) at 41C overnight, followed by incubation with the secondary antibody at room temperature for 30 min (En Vision kit/HRP; DAKO, Denmark) according to the manufacturer's instructions. Antibodies were visualized with 3,3 0 -diaminobenzidine tetrahydrochloride.
Embryos
Reg þ /À mice were time-mated overnight. The morning after mating was counted as day (E) 0. Pregnant mice were killed at E13 and E17 of the pregnancy. The embryos were removed from the uterus and fixed in 10% (wt/vol) formaldehyde for 48 h after a region of the head was collected for genotyping. The samples (Reg þ / þ and Reg À/À ) were vertically cut into small pieces, dehydrated and embedded in paraffin blocks, and cut into 6 mm sections. The entire small intestine was collected from each fetus and rapidly frozen in liquid nitrogen for RT-PCR analysis.
RT-PCR analysis
For isolation of total RNA, the small intestines of fetal (E13 and E17) mice or adult mice (10 weeks) were excised and stored in RNA later (Qiagen Inc., Tokyo, Japan). Extraction of RNA from tissue samples stored in RNA later was performed by using the Qiagen RNeasy Midi kit (Qiagen Inc., Tokyo, Japan) as described by the manufacturer. Total RNA (2 mg) was reverse transcribed into first strand cDNA using the ProSTAR First-Strand RT-PCR Kit (Stratagene, La Jolla, USA).
Transmission electron microscopy
Tissue samples of the small intestine were dissected and fixed by immersion in 2.5% glutaraldehyde and 2.0% paraformaldehyde in 0.1 M phosphate buffer. Tissues were washed in 0.1 M phosphate buffer containing 5% sucrose and postfixed in 1% osmium tetroxide in 0.1 M phosphate buffer. Ultrathin sections (70 nm) were obtained and mounted onto 150-mesh copper grids, stained with uranyl acetate and lead citrate and observed by TEM (JEM 1200 EX, JEOL).
Statistical analysis
Five villi from each of the five Reg þ / þ mice and five Reg À/À mice were analysed to generate the graphs. For Figure 6b , three littermate pairs from each time point were analysed for the number of Ki-67-positive cells. Data are expressed as mean (7s.e.) and were analysed by nonparametric statistical tests (Mann-Whitney).
